Recently, protein-film voltammetry (PFV) became a hot topic in the bioelectrochemical field, [11] [12] [13] [14] [15] [16] [17] especially in the characterization of electron-transfer proteins and the preparation of protein-film based biosensors. NO has been shown to interact with heme proteins in vivo. PFV provides a novel approach to studies on their interactions. Our previous work represented preliminary studies on the interaction of NO and hemoglobin; also, a kind of NO biosensor was prepared. 13, 14 In this work, a novel protein-immobilized film based biosensor for NO was proposed. Phosphatidylcholine (PC), as a component of a biological membrane, provides a mimic environment for the functioning of proteins and enzymes. 18 Hb is incorporated in a PC film and immobilized at a pyrolytic graphite (PG) electrode surface. Its electron-transfer reactivity and enzyme activity towards the electro-catalytic reduction of NO were characterized by employing electrochemical methods. The possibility of its application in NO determination is discussed.
Experimental
Bovine hemoglobin was obtained from Serva and used as received. Their stock solutions were stored at a temperature of 4˚C. Phosphatidylcholine (PC) was obtained from the Chemical Plant of Huadong Normal University in Shanghai. Dopaminhydroxychloride and epinephrine were from Sigma and uric acid was from BDH, UK. Other reagents were of analytical grade. Water was purified with a Milli-Q purification system (Barnstead, USA) to a specific resistance >16 MΩ cm -1 and was used to prepare all solutions.
A PARC 263 Potentiostat/Galvanostat (EG&G, USA) electrochemical system was used for cyclic and square-wave voltammetry (SWV). A three-electrode configuration was used, consisting of a saturated calomel electrode as a reference, a platinum flake as a counter electrode, and a PG disk with films as a working electrode. A 50 ml reagent bottle was used for the electrolytic cell.
A pyrolytic graphite (PG) block (A = 5.88 mm 2 ) was inserted in a glass tube and fixed with epoxy resin. A copper rod was used to make electrical contact. Prior to coating, the electrode was polished with rough and fine aluminum oxide paper. It was then polished to mirror smoothness with an alumina (particle size of about 0.05 µm)/water slurry on silk. Finally, the electrode was thoroughly washed and treated in an ultrasonic bath for about 5 min.
PC vesicle dispersion was prepared by ultrasonicating 1.0 × 10 -3 mol/L PC suspensions in water for at least 2 h until it became clear. PC films were prepared by casting 10 µl of the 1.0 × 10 -3 mol/L PC dispersion onto a PG electrode with a microsyringe. Hb-PC films were prepared by depositing 10 µl of a mixture of one part 1.7 × 10 -5 mol/L Hb and one part 1.0 × 10 -3 mol/L PC dispersion onto a PG electrode with a microsyringe. In either case, an Eppendorf tube was tightly fit over the electrode for at least 2 -3 h so that water evaporated slowly and more uniform films were formed. The films were Hemoglobin (Hb) was entrapped in a phosphatidylcholine (PC) film and immobilized at a pyrolytic graphite (PG) electrode surface. Its electron-transfer reactivity and enzyme activity were characterized by employing electrochemical methods. It was observed that Hb exhibited direct electrochemistry as well as enzyme-like activity towards the electrocatalytic reduction of NO in PC film. An unmediated, reagentless nitrogen oxide (NO) biosensor was accordingly prepared. Experimental results revealed that the peak current related to NO was linearly proportional to its concentration in the range of 1.0 × 10 -7 -3.0 × 10 -4 mol/L. The detection limit was estimated to be 1.0 × 10 -7 mol/L. Considering its good stability, nice selectivity and easy construction, this biosensor shows great promise for the rapid determination of traces of NO. then dried in air overnight. Then, the modified electrodes were sufficiently washed with pure water.
The generation of NO in electrolytes is based on the reduction of nitrite according to the reaction, 19
where nitrite can be completely reduced to NO in the presence of excess I -. Successive additions of a stock nitrite solution (0.01 mol/L) to pH 2.0, 0.1 mol/L citric acid buffer solutions were employed to generate a series of stoichiometric concentrations of NO. Prior to the determination, the test solution was bubbled thoroughly with high-purity nitrogen for at least 30 min. Then, a stream of nitrogen was blown gently across the surface of the protein solution in order to maintain the solution in an anaerobic condition throughout the experiment. Cyclic voltammetry was carried out in the range of 0.3 V to -1.0 V.
Results and Discussion
The electrochemical responses of Hb in a PC film immobilized on a PG electrode are shown in Fig. 1 . No corresponding response was observed at either a bare PG electrode or a PG electrode modified with PC alone. Therefore, these two waves should come from the redox reactions of the protein immobilized at the electrode surface; the two waves were assigned to the redox conversion between Fe(III) and Fe(II) of the heme group. 18, 20 In a pH 2.0 solution, the cathodic peak was centered at -0.215 V and the anodic peak appeared at -0.151 V. The apparent form potential was estimated to be -0.183 V. These results coincide well with those in a previous report. 18 Compared with the electrochemistry of Hb in the absence of PC, where no response can be observed, the electron-transfer process of Hb is greatly enhanced with incorporation in the PC film. Figure 2 shows cyclic voltammograms (CVs) of an Hb/PC modified electrode in a solution containing 1.0 × 10 -4 mol/L NO. In this case, a new reduction wave, aside from the redox waves of Hb, was observed at -0.58 V. Meanwhile, the reduction peak current of Hb slightly decreased compared with that obtained in the blank electrolyte, which indicates an interaction between Hb and NO. The height of this new wave increased linearly with successive increases in the concentration of NO. Based on our previous studies, 13, 14 this new wave can be ascribed to the facilitated catalytic reduction of NO in the presence of Hb.
Some working parameters were tested. Figure 3 displays the catalytic efficiency of Hb at different scanning rates. It was obvious that the catalytic efficiency was higher with a lower scanning rate. In a following experiment, a relatively lower scan rate of 60 mV/s was employed.
The temperature has an effect on the sensitivity of biosensors. A reduction current of 1.0 × 10 -5 mol/L NO was observed to increase nearly 2 fold when the temperature increased from 20˚C to 37˚C. Table 1 shows the relationship between the temperature and the reduction current. The reduction peak potential of NO also shifted slightly positively with increasing temperature. Considering the effect of temperature, 37˚C was employed in our experiment.
Because the differential pulse voltammogram (DPV) is a relatively new technique with a better peak shape and magnitude improvements, 21 it is more useful for the An enzyme kinetics study was also carried out. The apparent Michaelis constant, which is an important parameter for enzyme-substrate reaction kinetics, was estimated to be 0.255 mM, according to the Lineweaver-Burk equation, 22 
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where Iss is the steady-state current value in the presence of a catalyzed substrate, c is the substrate concentration and Imax is the maximum current with a saturated substrate. Besides its high sensitivity and nice stability, the major advantage of this NO biosensor is its high selectivity. The interference from nitrite should first be considered, since nitrite was the most possible interference in our experiments. We found that there was no response in a solution containing 1.0 × 10 -4 mol/L sodium nitrite over the whole working potential range.
Interference from nitrite might be excluded by electrostatic repulsion between anionic PC and nitrite. Interferences from other possibly co-existing substances in biological systems were also tested. These include ascorbate mol/L), and epinephrine (1.0 × 10 -5 mol/L). We checked these interferences in 1.0 × 10 -4 mol/L NO solutions with the above substance at concentrations 1 -2 orders magnitude higher than that expected in biological systems. They showed little interference towards the determination of NO ( Table 2) .
The stability of the modified electrode as a novel NO biosensor was also examined. After being stored in a pH 5.5 acetate buffer for 10 days, the peak current was kept at almost the same height. During a period of 30 days, the peak height decreased by 10% and during 60 days by 20%. The stability after continuous determination was also nice, as discussed in the text. 
